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1. Introduction

+ CP Violation (CPV) is established
neither in charm nor in baryon

+ CPV In charm decays plays an important role
in searching for new physics (NP)

- SM predictions are always very small
- Any large CPV would clearly signal NP
- especially for NP with special up sector

e Searching for CPV is one of the most
important topics in charm physics.
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1. Introduction

+ CPV in baryons:

- directly related to the baryogenesis,
huge asymmetry in matter v.s. antimatter
in Universe

+ CPV in charmed baryons:
- being measured by LHCDb - large data set

Aop(AY = pKTK™) = App(AY — prta™) = (030 £0.91 +0.61) %

LHCb, 17; See A. Pearce’s talk



1. Introduction

+ Direct CPV in charm occurs in two cases:
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2. Singly Cabibbo-Suppressed
processes
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Unknown Dynamics — Penguin

+ me.=1.3GeV, neither heavy nor light

- heavy quark expansion 1/m. does not work
In exclusive processes

+ Dynamics is unknown by QCD ;V“%;//
+ Ambiguity in penguins b
AAcp(K*K-, m+n-) predicted from 10-5 to 10-2

Grossman, Kagan, Nir, 07; Bigi, Paul, 11; Isidori, Kamenik,
Ligeti, Perez, 11; Brod, Grossmann, Kagan, Zupan, 11, 12;
Bhattarcharya, Gronau, Rosner, 12; Feldmann, Nandi,
Soni, 12; Cheng, Chiang, 12; Li, Lu, FSY, 12;



Unknown Dynamics — Tree

+ Charm meson: tree amplitudes are

extracted from data of branching fractions

Cheng, Chiang, 10; Bhattarcharya, Rosner, 09;
Li, Lu, Qin, FSY, 12, 14

+ Charm baryon: data is not sufficient to
extract the full amplitudes

* Models are mostly done in 1990s. Recent works:

_ Lu, Wang, FSY, 16; Wang, Guo, Long,
* SU(8) analysis sy, 17; Geng, Hsiao, Lin, Liu, 17, 18

* pole model Kang, Cheng, Xu, 18

Impossible to reliably predict CPV in A - pK™K~, pzzﬂz‘]
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Suggest to probe CPV in = f—pK-7*

singly Cabibbo-suppressed, but widely used in experiment
Q* - BEFTK™ Bt BT

Branching fraction not measured, but predicted to be large
FSY, et ac, 1703.09086; Jiang, FSY, 1802.02948

Under U-spin symmetry, d<s
(AEF = pE™) = A(AF - STE))

K*O
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Suggest to probe CPV in =Zf—pK-7*

Under U-spin symmetry, d<s

——x(

(A(EC —pK )= AAf - X K*OD

|

B(AF — STK*9) = (0.36 +0.10)%
v FOCUS, 01

BEH = pK " )/B(EF — pK—7T) = 0.54 & 0.10

' FOCUS, 02

Br(=F — pK—nt) = (2.2+0.8)%

FSY, et ac, 1703.09086; Jiang, FSY, 1802.02948
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Suggest to probe CPV in Z+—pK-nt

Br(Af - pK™K™) ~ 0.15%

- Larger BR by one order

|

Br(Zf - pK—7") =(22+£0.8)%

» Longer lifetime would benefit measurement at LHCDb

T(A;'_) = (200 -

- 6) X 10_158,

T(EF) = (442 -

- 26) x 10 s,

Probably more data, even if suppressed by production.

Jia, FSY,

INn preparation



3. Cabibbo-Favored processes

A} — pKJ(— n*n7)  Wang,Guo,Long,FSY,1709.09873
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3. Cabibbo-Favored processes

A} — pKJ(— n*n7)  Wang,Guo,Long,FSY,1709.09873
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- A new CPV effect exist in such processes

* The direct CPV is useful to search for new Physics



Vcd Vus 7 < K(Ks)
~A2~0.05 /
70 ™ I_(O

D.Wang, FSY, H.n.Li, Phys.Rev.Lett 119, 181802(2017)
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|AC p [A D+ ALY (¢ ] /D(t)'
Indirect CPV Direct CPV
in kaon mixing in charm decays
Re(€)=10-3 Im(VcaVus/VesVud)=16=10-5

t
[_(O T 0
/ " \K \
DT T

B S
Zhi-Zhong Xing,PLB 353,313(1995)

Bigi, Yamamoto,PLB 349,363(1995) 15



Acp(t) = |ABp(t) + AZR(1) +{aZh(1)] /D)

CPV in interference between

kaon mixing and charm decays
Im(€) Re(Vea*Vus/Ves*Vua)=10-4~-3

[D.Wang, FSY, H.n.Li, P

nys.

DT Tt
\ 7T+ /
KO

Rev.Lett 119, 181802(2017)]
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Belle: Evidence for CP violation in the Decay D* — Kn*
PRL109,021601(2012) [arXiv:1203.6409]

ADT KT I'(DT - Kdnt)—T(D~ — K2n™)
P - I'(Dt - K%nt)+T(D- — Kor~)
= AZE + Alp, (1)

Ao —(—0.36340.094+0.067)% Belle

AL = (—0.339 + 0.007)%

AZE = (—0.024 £ 0.115)%

Belle, 12
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Be"e: Evidence for CP Violation in the Decay D™ — Kgn+
PRL109,021601(2012) [arXiv:1203.6409]

AD+_,Kg7r+ _ I'(D" - Kdnt)—-T(D~ — Kn™)

b - (Dt - K2nt)+ (D~ — Kdr™)
ASS + AEp +A cpint

+ 0, +
Aoy 5™ =A-0.363+0.094+0067)% Belle

AL = (—0.339 + 0.007)%

AZE = (—0.024 £ 0.115)% AAC=(-0.006+0.115)%
Belle, 12 Wang, FSY, Li, 17

New CPV effect has to be considered



LHCb _ Search for CP violation in
. DT — ¢nT and D;," — Kgﬂ'_l_ decays

JHEP 1306 (2013) 112, [arXiv:1303.4906]

Acp(D* = 1) = Acw(D* = 61%) - A D = K1) |+ Acp(K°/K°)

SCS CF as a control mode

Direct CPV in DT — KJ7" decay is assumed to be negligible.

BUT, Acp(DT — ¢ont) < O(107%) is expected
ARL (DY — K2rt) ~ —0.4 x 1073 is comparable
New CPV effect is non-negligible!!!

Be careful when using D->nKs as control mode,
both at LHCb and Belle Il
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New Physics

IN Dt—= 7t KO > Act— pKsP

direct CPV Adw ~ 27’f sin ¢ sin (5]0

SM: ¢ = Arg [V Vus/ Vi Vua] = (=6.240.4) x 107*
NP: ¢=0(1)

Search for new physics at tree-level
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A(D = fK2) =
fANP )
— (0.1 ~1
Asm (0 )%

A Moy ADGs(l n NP eiquP 67:5NP)

A [x107°]

21
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A(D = [K§) = AZh + ABEs(1+ el )

A2 = O(107°)

Even if

SM
\ AC’P ;

Promising for
new physics!

~

— (0.1~ 1)%

[ NP ) /
Acp _ O(10)

0.

22
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Same game in charm baryon

Numerically, analyzed under SU(3) symmetry

c — sud 3x3%x3=34+3+6+15

O = 5l(5¢)(ud) — (uc)(5d)] Orz = 3((5¢)(ud) + (uc)(s5d)].

D | =

Hep =eH(6)TacBy My + fH™(6)TacMiBy + gH® (6)B, Mj Teg

T, = (2L -EAL),  Tup = ewcT”, H22(6) = 2 H33(6) = 2tan? Oc
1 1 50 + 1.0 1
\/6A+ \/52 1 - 1 50 g Eﬂ " %778 1 " 1 K
a __ — 1 I a — 0 0
B = ) \/gA \/EZ n My = s v _+ Wk K
= =0 —/2/3A K~ K" —/2/3



e =0.67=x0.03,

Branching Fractions

f1=0.264003, h=f+g=(0.43+006) ¢O9006)  x'/do.f=017

Modes Representation BRexp(%)  BRgys) (%)
AY — Ant %(—26 —2f —29) 1.30+0.07  1.3040.17
AF — 307t %(—2(: +2f +29) 1.2940.07  1.2740.17
A = otq0 %(2(’ —2f — 29) 1.2440.10  1.274+0.17
A} — pKY, \/_ tan® 0c(2g) — T( 2e) 1.5840.08 1.36 ~ 1.80
A} = pK} ﬁ tan? 0 (2g) + \/2( 2e) 1.24 ~ 1.67
AP — Z0OKt —2f 0.50+0.12  0.5040.12
=0 5 =gt 2e 2.2440.34
=0 — =070 \L&(—ze + 2g) 0.07 ~ 1.81
=0 — AKY, \/% tan? Oc(—2e + 4 f + 4g) — \/%(—46 +2f + 29) 0.4740.08
=0 = AK] s tan?fo(—2e +4f +49) + S5 (—de + 2f + 29) 0.50+0.09
=20 5 BtK- 2f 0.3140.09
=0 — 20K 3 tan? O (2e) — 3(—2f — 29) 0.23+0.07
5‘? — YOKY 3 tan? O (2e) + 5(—2f — 29) 0.20+0.06
=+ — =20t —2g 0.01 ~ 10.22
E;r — ST KD % tan? Oc(—2e) — %(29) 0.06 ~ 4.84
=F 5 BtKY % tan? o (—2e) + %(29) 0.00 ~ 4.30

Wang,Guo,Long,FSY,1709.09873



CP Asymmetries

-~
A()p(Aj; — pf(gv) 14(713(32 — A[(g) A(}p(Eg — 20[(2) ACP(E(T — Z+I(g)

S1 —3.15 ~ —2.67 —3.13 = 0.05 —3.42 £+ 0.05 —4.57 ~ —2.60

S2 —3.90 ~ —3.09 —3.58 = 0.04 —2.50 £ 0.10 —2.91 ~ —-1.39

Wang,Guo,Long,FSY,1709.09873

Large ambiguity in prediction
But deserve to be payed more attention

More measurements on branching fractions are required



Summary

+ CPV In charm baryon is important

+ SCS processes:

- ambiguity in theory,
*suggestion to measure CPV in E.—pK 7+

+ CF processes:

- new CPV effect has to be considered.
Direct CPV is promising to search for new physics.

- Measurements on branching fractions are very useful
for theoretical analysis
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Thank you very much!



D — fK3(—nrn™)

.

L F7r7r (t) o Fﬂﬁ(t)

Acp(t) = Lrr(t) + Drn(t)
[rr(t) =T(D — fK2(t) = flrnk)
[rr(t) =T(D — fKg(t) — flrm]k)

DCS A(D — K" 7;
( f) —Te€ (¢+5'K. strong phase

CF AD—K'f) | \
~A2~0.05

weak phase

28



AE (1) = 27Tt Re(e) — 2¢7 Tt | Re(e) cos(Amt)

+ Zm(e) sin(Amt) |,
AZL(t) = e 19" 2r ¢ sin §; sin ¢

AES () = —4rp cos ¢sindy _e_FSth(e)

— "I (Zm(e) cos(Amt) — Re(e) sin(Amt) )




gb — A’rg [—VCEVUS/VCZVUdJ — (—6.2::0.4)

Acp(t K 15 < tg K 71)

_QIm ) + 2r ¢ sin 5' Lﬁi €)T¢ COS g\é)sm 0 f

/ 1—279cosq5cosc5f

CPV in kaon mixing direct CPV New CPV effect

(10-3) (10-5) (10-4~-3)

Sensitive to New Physics CP phase
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(" )

+ st KO + + KO
AAcp(DT,Df) =Acy ™ "5 (t,t) — Agp " St 1)
\_ _J

A, is mode-independent and cancelled

In the limit of SU(3) symmetry

Topologies
D+ - Kt (1+e)VaVudC + A)— (1 — )V Vud(T +0)
DCS
Df 5 KKt (14T +C) - (1 -V Vud(c + A)
DCS

Opposite sign of strong phases in the SU(3) symmetry
Constructive in AAcp(D",Ds")
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Interesting modes in experiments

LHCb: Acp(D' = Kszt) - Acp(Dst = Ks K*) ~10-3

— [Araw(D+ — KS7T+) = Araw(D+ — K_7Z'+7Z'+)] Br=9%

- [Aaw(Ds* = Ks K*) = Araw(Ds* = K 7" K*)]

Br=5%
and

AT 5pK + +
Acep T (t,t2) — Agp T (b, t2)

+ + —

raw raw

— [AR KT (4 85) — AR KT

32



Time-dependent
& Time integrated CPV

time of Ks flying
Jp;>\\\\
KS <

p(e)



Time-dependent CPV

D" — 77K\
Acr(t)[x107]

400

200

-200

-400

~600




tz/TS

Time-Integrated CPV

total

tz/'l's
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Precision in exp: (%(10-4)

f LHCb: Aadt, = (—0.061+0.076)% @ 3 fb-1\
1.2%x10-4 @ 50 fb-T

[LHCb, EPJC73,2373(2013)]

SCS mode Yield
7.7%x106

2.5%106

CF mode Yield
4.8x106

1.5%106
[1406.2624] LHCb @ 3 fb-1 [1602.03160]

4 )
mode L (fo~1) elle Il at 50 ab™
D+ — KOr+ 077  —0.3640.09 & 0.07 +0.03

| [Schwartz, arXiv:1701.07159] |
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AAcp = Acp(D" = " Kg) — Acp(D] — KT Kg)

New Observable -

revealing
new CPV effect

Acr(t) ~ [A5H(D + M + Az (0]

Cancel some systematic errors * |
@ LHCDb & Belle-ll T IR O

[Wang, FSY, Li, "17] 37




Advantages — Acpr(D— Ksf)

1. Less ambiguities. Only tree diagrams, easily
established in theory, extracted from Br’s.

Compared to SCS processes with penguins.
FAT approach works well.

*In the SM, we don’t know how large Acp is in
SCS, but we do know it in CF and DCS.

2. More clear to signal NP. NP may have large
CP phase

38



Advantages — AAcr

3. Signhal CPV in charm. Acp(K?) cancelled

4. Order of 10-3in SM, accessible by
experiments in the near future

5. CPV is doubled in AAcp, compared to
individual Acp

6. Large branching fractions to measure. CF
processes.

7. Some systematic uncertainties cancelled
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Im[C; ()]

dir,D* ->Kg nt

Acp (x107°)
0.01¢
0.005f
0 =
-0.005¢}
-0.01, . . . .
-0.01 -0.005 0 0.005 0.01
Im[C,(u)]
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Vekm =

(

\

Left-Right Symmetric Model

SU(Q)L X SU(Q)R X U(l)B_L — SU(Q)L X U(l)y

|

(

0

cos fet®1

sin fet?2

WL
Wr

eigbo
0
0

B cos (
sin (e~

o)

—_ SlIl 9€Z(¢1 _¢3)

cos fe (P2 3) )
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< | ® 0.00<r;<0.01 et

| ® 0.01<ry<0.02 A
=2l | e 0.02<ry<0.03 o
® 0.03<r,<0.04

-2 -1 0 1 2

dir,D%-KQ %
Acp

constrained by AMg, AMp,, AMp_, |€|, SJ/\Ing and ¢§:
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=Sct—pK-mt

*This process Is always used to search for
new particles and their properties

+ New Q. states observed by LHCDb [prL118,182001(2017)
4K with E4—pK-nt
=y and =" states observed by LHCD [PrRL114,062004(2014)]
- In E07 with E0—E 77, EF—pK wt
+ Mass and lifetime of =0 by LHCDb [PrL113,032001(2014)]
- via El0—E 1, EA—pK T

» Suggested to measure E..F—E 7t [1703.09086]

- But its branching ratio not directly measured
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=t —pK-mt

*This process Is always used to search for
new particles and their properties

+ Fragmentation fraction f=o/ /a2 [LHCb, PRL113,032001(2014)]

b — =) vs. b— AY

= B(E —Zfr) BE"N— pK 7h)
b = : = = (1.88 = 0.04 £ 0.
fao B 5 Adn) B(hf = pK-ar) (3 E004E003)7%

~ 1 ~ (0.1 assumption in [PRL113,032001]
-> ng/ng ~ (.2

* But its branching ratio not directly measured



=t —pK-mt

*This process Is always used to search for
new particles and their properties

+ Fragmentation fraction f=o/ /a2 [LHCb, PRL113,032001(2014)]

b— 5 vs. b— AY

+0.04 + 0.03)%

= f:O/fAO ~ 0. 2

* But its branching ratio not directly measured



=t —pK-mt

*This process Is always used to search for
new particles and their properties

+ Fragmentation fraction fzo/ /a2 [LHCb, PRL113,032001(2014)]

fzo B(E) - Efn~) B(EF — pK—7t) .
b ® C * c 1. 1 L 4 1 L]
ng B(Ay — Afm=) B(Af — pK—7) (185 £0.04£0.03)7%

~ 1 ~ 0.1 » =(.35+0.13

| |

fgg/f/\(g ~ 0.2 s fgg/f/\g = (.05 = 0.02

[LHCDb, PRL113,032001] [Jiang, FSY, 1802.02948]
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Branching Ratio of = .f—pK-n+

Precision improvements are required

46



106 events = —pK 7+ @ 3.3 fb- PWA calls for
2019 data

[LHCb, PRL118(2017)182001]
PWA can be performed now 47



